Abstract The sense of taste is often referred to as a 'nutritional gatekeeper', thought to have evolved to indicate energy sources and prevent ingestion of potential toxins. Fungiform papillae are structures on the anterior tongue in which taste buds are situated. They are concentrated at the tongue's tip and they can provide a useful estimate of overall taste bud density for taste research. Some reports suggest taste perception may differ subtly across tongue regions, irrespective of FP number. Other data show an association between taste intensity perception for the bitter compound 6-n-propylthiouracil (PROP) and FP density. However, contradictions exist in the literature, with more recent, larger studies suggesting little or no association between FP number and perceived taste intensity. Many studies have examined the relation between FP density and PROP perception, while other tastes have been less thoroughly studied. Here, in a cohort of mainly Caucasian individuals, aged 18-45 years, recruited from the campus of a large rural university, we examined regional and whole mouth taste intensities, and FP density using an updated method of a digital still photography method first described in 2005. We found regional differences in suprathreshold intensity. Although all taste sensations were experienced all over the tongue, once again disproving the mythical tongue map, we also observed bitter and umami taste perceptions to be significantly greater on the posterior tongue than on the anterior tongue. In contrast, there were no regional differences observed for sweet, salty, or sour tastes. The relation of FP density to whole mouth intensity of 6-n-propylthiouracil and to the intensity of saltiness of NaCl, sweetness from sucrose or from Acesulfame-K, bitterness of quinine, or burning from capsaicin delivered to different regions of the tongue are also discussed.
Introduction
Taste buds are found on the tongue in three types of papillae: fungiform, foliate, and circumvallate (Hoon et al. 1999) . Each bud consists of a bunched set of taste receptor cells and an apical taste pore, through which a trigeminal fiber, or gustatory hair, protrudes up through the epithelium and comes into contact with tastants present in the mouth (Segovia et al. 2002) . Fourth types of papillae, filiform papillae, are found on the tongue, but they do not contain taste cells. The fungiform papillae are found all over the anterior two-thirds of the tongue and are most concentrated near the tip (Jung et al. 2004 ).
Due to their association with taste bud density Reedy 1990a, 1990b) , the measurement of fungiform papillae (FP) is often used to infer taste function, following numerous reports where FP density has been correlated with increased perception of sweet, salty, and bitter tastes (e.g., Miller and Reedy 1990a, b) and with the perception of fat (e.g., Nachtsheim and Schlich 2013) . Indeed, taste thresholds may vary across the tongue (Collings 1974) . Some work suggests that recognition for salt declines with age, and that in younger people, sensitivity to salt is greater on the tongue tip than the posterior region (Matsuda and Doty 1995) . Whether this also applies to suprathreshold intensity is unclear. Multiple researchers have suggested that umami perception is greater at the back than the front of the tongue (Yamaguchi and Ninomiya 1999) . Less work has been done on other prototypical tastes, but they are also thought to vary subtly in different tongue areas, at least in regard to thresholds (Collings 1974 ). However, it should also be noted that thresholds and suprathreshold intensity are distinct phenotypes (e.g., Hayes and Keast 2011; Keast and Roper 2007 ) that may not generalize to each other.
Since taste buds are also innervated by trigeminal fibers, the fifth cranial nerve, CN V, FP density may be an important marker for lingual tactile acuity. This was demonstrated by Essick et al. (2003) , who showed that those with more FP were able to distinguish between different shaped letters placed on the tongue. FP density has also been implicated in the liking of different bread textures (Bakke and Vickers 2007) and has putative influence on vegetable intake (e.g., Duffy et al. 2010; Feeney et al. 2014) . Given that FP density may be an important determinant of an individual's perceived oral sensations from food, it is vital that researchers use standardized measurement techniques to facilitate comparison between studies.
Video microscopy is the original technique used to measure FP density in living subjects (Miller and Reedy 1990a, b) ; previous research used cadaver tongues (Arvidson 1976 (Arvidson , 1979 . Video microscopy allows the experimenter to confirm the quality of the data in real time, which was not possible with film-based still photography. However, this method also has some drawbacks, which make it a less than ideal choice. Firstly, it requires expensive equipment that is not portable for field use. Additionally, each count is typically made by pausing the video image and counting the papillae on an acetate overlay, which, in addition to being time-consuming, may not be completely replicable if the exact frame is not extracted from the video. More recently, digital still photography was introduced as an alternative to video microscopy (Shahbake et al. 2005) . In their study, a 28 mm 2 area of the tongue was dyed with blue food coloring in order to distinguish the fungiform from the filiform papillae. The fungiform papillae do not absorb the blue dye to the same extent, allowing for their identification. The most relevant observations from the report of Shahbake et al. (2005) were that (a) a digital camera could be used to assess the FP density and provide results comparable with video microscopy, and (b) a 28 mm 2 area of the tongue tip was representative of the density of the entire tongue. Since the publication of that method, the quality of digital still photography has greatly improved, so that greater magnification of images is possible. Further, computer software has progressed to allow the recorded images to be much more easily counted.
The goals of the present work were to examine in detail the perception of taste intensity, both whole-mouth (via a sip-andspit method) and on different areas on the tongue (via cottontipped swabs), for a range of stimuli in men and women, and to examine the associations between the FP density and perceived taste intensities.
Materials and Methods

Subjects
Two hundred forty nine participants were recruited from the Penn State campus and surrounding community, from a pool of reportedly healthy, non-smoking adults aged 18-45 years with no known defects of taste or smell. Of those who completed session 1, valid, complete data for the present analysis were available for 194 individuals (78 men); missing data were generally due to inability to reschedule appointments for individuals with unusable tongue photographs. The mean age of the men was 25.3 years (range 18-45), the mean weight was 173.6 lbs (range 93.2-260.2), and the mean BMI was 24.9 kg/m 2 (range 21.2-39.6). The mean age of the women was 25.2 years (range 18-45), mean weight was 136.9 lbs (range 87-324.6), and the mean BMI was 22.7 kg/m 2 (range 16-48.6). Of these individuals, 122 completed sessions 2, 3, and 4 (described below). FP counts were available for 100 of these participants (60 males). The Penn State Institutional Review Board approved all procedures, and all participants gave written informed consent prior to the study. Participants were compensated for their time.
Photography
The researcher stained the front section of the participants' tongues using blue coloring on a clean cotton swab. The participant rested his or her chin on a table-mounted chin rest and held their tongue between a specially-constructed apparatus. This consisted of two 25×77 mm plastic slides (VWR International), fastened together with a screw and bolt, and containing a 6-mm-diameter circle (Fig. 1) . Three to five photographs were taken from the tongue in a flat plane. Photographs were taken with a Canon EOS Rebel T3i camera Fig. 1 Image of blue-dyed tongue between two plastic slides and a paper circle for size indication. The approximate midline of the tongue is shown with the straight dashed white line. Two areas, 28.3 mm 2 , one from each side of the tongue midline, were used to count the FP number (Canon, USA). The camera was used in manual mode with the following settings: ISO 800, Aperture; 29 (F29), and shutter speed; 1/200. The focus on the lens was set to automatic focus (AV). The procedure was carried out in a darkened interior room without windows or ambient light, using a macro ring light attachment, Canon MR-14 EX, which was set in ETTL mode at −1.
Counting Fungiform Papillae
Researchers were trained in the counting procedure prior to beginning counting, and counting was carried out blind. That is, neither the participant's psychophysical ratings or genetic data were available to the researcher at the time of counting. Pictures were viewed in Adobe Photoshop CS5.1, extended version (Adobe, USA), and FP were counted as follows: the 'select' tool was used to select the white adhesive circle on the slide, and this selection was moved to one of the two areasnamely the left and right hand side at the tip of the tongue. These areas were chosen since Shahbake et al. (2005) reported that measuring the density of FP in the small area near the tongue tip was a reliable predictor of total papillae. Here, two areas on the both the left and the right side of the tongue were counted for accuracy (Fig. 1) . The 'count' tool was then used to count the FP within this circle (the larger pink areas which had not absorbed the blue food dye-very small structures were deemed to be filiform papillae). An FP that was not completely inside the line of the circle was counted depending on where they fell within the circle. The circle was divided down the middle, and on the one side of the circle only any FP that was contained more than 50 % inside the line was counted. We did not apply any shape criteria in our counting protocol, although majority of the FP were round. The count tool in Photoshop allows counts to be stored in a 'count group' folder situated at the top of the screen. A second 'count group' folder was opened and the process repeated for the second area (on the other side of the tongue). The resultant image of the counted areas, each containing the demarcated FP that was numbered during the count process, was saved as a separate 'counted' file for future reference. The mean of the two counted areas was recorded. A total of three researchers counted the pictures, and each picture was counted separately by two different researchers. Both mean values (left and right for each researcher) were examined. Inter-rater correlations were measured using Spearman's Rho. There was a good correlation between FP counts, the rho values between the two sets of researchers were 0.78, p<0.001 (researchers 1 and 2) and 0.60, p<0.001 (researchers 2 and 3) at the two-tailed level. (Researchers 2 and 3 counted the majority of the FP, thus the Rho value is lower). The means of the two researcher's independent counts were used in this analysis.
Study Overview
Participants came to the test facility for 4×1 h sessions, spaced a minimum of 1 week apart, as part of Project GIANT-CS phase I, a large study on genetics and oral sensation (e.g., Allen et al. 2013; Byrnes and Hayes 2013; Feeney and Hayes 2014) . Each session was scheduled, where possible, for the same time of day, and the participants were asked to refrain from eating or drinking for 1 h before testing.
Whole Mouth Ratings
In the first session, the participants were phenotyped for PROP taster status using standard methods, as described elsewhere (Dinehart et al. 2006; Hayes et al. 2008 ). In brief, 10 mL whole mouth solutions of salt (0.010, 0.032, 0.1, 0.32, and 1.0 M) and five solutions of PROP (0.032, 0.1, 0.32, 1.0, and 3.2 mM) were tasted. Ratings were made on a generalized labeled magnitude scale (gLMS). Participants also rated the intensity of five 1000-hz tones, 50, 60, 70, 80, and 90 dB. One tone was played between each tastant, in balanced block order. The gLMS had a top anchor of 'strongest sensation of any kind', following a short training session and orientation , using a range of 15 remembered and imagined sensations. Participants were also presented with six whole mouth samples, presented in a counterbalanced design. As previously described ), stimuli were: 0.5 M sucrose (Spectrum); 25 mM acesulfame-K (Ace-K) (Spectrum), 0.56 M potassium chloride (Spectrum), 0.41 mM quinine HCl (Sigma-Aldrich), a mixture of 200 mM monosodium glutamate (MSG), 100 mM inosine monophosphate (IMP) (Ajinomoto), and 25 uM capsaicin. Tastants were made weekly and kept refrigerated, and allowed to come at room temperature before testing. Participants were instructed to swirl the entire sample in their mouth and then spit it out before making intensity ratings for sweetness, bitterness, salty, sourness, burning or stinging, and umami/savory on a gLMS. There was a 30-s interstimulus interval to rinse with 35°C (mouth temperature) RO water. Data were collected on a computer via Compusense five (Guelph, Ont., Canada).
Regional Ratings
In the remaining three sessions, regional taste intensities were measured. Suprathreshold ratings were made for the intensity of sweet, sour, salty, bitter, and umami/savory using prototypical stimuli: sucrose (2.0 M), citric acid (112 mM), NaCl (1.12 M), quinine (2.0 mM), and a mixture of monosodium glutamate and inosine monophosphate (200 mM MSG and 100 mM IMP), respectively. Intensity ratings were collected on four different areas of the tongue, at the front tip, left and right, and on the back, on the circumvallate papillae, left and right (See Fig. 4 ). The taste stimuli were presented on a cottontipped swab, which was dipped in the one of five taste solutions and rolled for 3 s over a small surface of the tongue on one of four areas. Tastants placed on these areas were presented in a balanced design over participants and sessions to minimize any order effects due to carryover or expectancies. There was a 30-s interstimulus interval for the participant to rinse with water, and after this, the next stimulus was presented on the next tongue region, so that the same region was never stimulated twice in a row, and allowed a minimum of a 180-s break before the area was stimulated again. The five stimuli were presented four times in each session, on different tongue regions, resulting in a total of three ratings for each stimulus at each region over the course of the three sessions. The mean of these was used to calculate intensity ratings at each region for each prototypical taste.
Statistical Analyses
Statistical analyses were performed using SPSS version 21 for Mac (Armonk, NY). Pearson's correlation was used to examine the correlation between mean taste intensity ratings. Mean taste intensity ratings over the three different test sessions were calculated for each of the four individual tongue areas, and these were then averaged to obtain a 'front' and 'back' ratings for each taste intensity. Pearson's correlation was also used to examine the correlation between whole-mouth and regional taste intensity, and between these and FP number. Inter-rater correlations for FP numbers counted by different researchers were calculated using Spearman's Rho. Student's t test was used to examine the differences in FP number between men and women. A z-score modified version of the Pearson-Filon statistic, ZPF (Raghunathan et al. 1996) , was used to examine the differences between the correlations of ratings across days between different taste stimuli.
Results
Taste Intensity
Reliability of Taste Intensity Ratings across Replications
The range of Pearson's correlation values for each taste in the four different spatial areas are shown in Table 1 , averaged across the three replicates of each rating. There was no difference between men and women's ratings on these four areas for the different taste stimuli (data not shown).
Replication Correlations
Each taste stimulus was presented once on each area per visit, and replicated over three separate visits. The correlations between the three replications for each area for the intensity of each prototypical taste stimuli were examined. Replications over 3 days were all significantly correlated (p<0.001 for all), demonstrating reliability of this method. Correlations were strongest for the ratings of the sweetness of sucrose (r ranged from 0.53-0.81, p<0.001), indicating that sweetness perception shows the least variability across days. To examine this further, Fisher z-score confidence intervals were calculated for each correlation for the ratings between Days 2 and 4 (since these tests were spaced the furthest apart), and the correlation between the correlations was calculated for each, a z-score Pearson-Filon statistic, ZPF (Raghunathan et al. 1996 ) was used to determine whether these differences were significant. The correlation between sweet ratings on days 2 and 4 (r= 0.802) was significantly greater than the correlation between sour ratings (r=0.684), ZPF (121)=2.73, p=0.006 and for umami (r=0.626), ZPF (121)=3.12, p=0.002. The difference between sweet (r=0.802) and salty (r=0.718) across days was also significant (ZPF=2.13, p=0.033). It should be noted that the latter comparison would no longer be significant if a Bonferroni adjustment was made for the large number of pairwise comparisons made. There was no difference between sweet and bitter on days 2 and 4 or between any of the other correlations examined.
Regional Intensity
The regional intensity ratings for each taste stimulus at each of the four regions tested are shown in Fig. 2 . Rated intensity on the front and the back of the tongue did not differ significantly for sweet, salty, or sour. Notably, ratings for bitter and umami were higher when the stimulating the back of the tongue than on the front (with the same tastant concentrations; Fig. 3 ). Taste intensity perception ratings for taste stimuli (the mean for all four areas) were all strongly significantly correlated between stimuli, Pearson's r ranged from 0.556-0.872 (p<0.0001 for all taste stimuli) ( Table 2 ). The lowest correlations were for umami and the other tastes, while the highest correlations were for salt and sweet perception.
Whole Mouth versus Regional Intensity Perception
Generally, there was a good correlation of whole mouth versus regional intensity perception within a stimulus, although this decreased as the tastant concentrations were reduced (Table 3) .
Fungiform Papillae Density
The FP number in this cohort ranged from 7-36 FP per 28.3 mm 2 area. This approximates to a density of 23-123 Fig. 4 . There was a small gender difference; men had a mean number of 65.12 per square centimeter, ±2.42 S.E.M versus 72.8per square centimeter, ±2.14 S.E.M in women, (F=5.49, 1, p=0.02). There was no association between the number of FP and participant age in this cohort (Fig. 5 ).
FP and Taste Intensity
There was no correlation between FP density and PROP bitterness for any of the five PROP concentrations collected on day 1. In addition, FP number was not directly correlated with the intensity of other whole mouth taste stimuli from day 1-sweetness from either sucrose or Ace-K, saltiness from KCl, bitterness from quinine, burning/stinging from capsaicin, nor the perception of umami from a mixture of MSG and IMP. Further, there was no correlation between FP density and overall taste intensity perception for the swabbed stimuli in any of the different regions.
The median number of FP per area was 18.8 (20.0 in women and 17.4 in men). This median FP count was then used as a basis for a cutoff for high and low FP (in a similar manner to Nachtsheim and Schlich (2013)), such that anyone with an FP of greater than 18.8 was categorized into 'High FP'. We examined the intensity perception in the high and low FP groups for a range of oral sensations: sweetness from sucrose and from Ace-K, bitterness from quinine and PROP, saltiness from NaCl and KCl, burning or stinging from capsaicin, and the umami perception from IMP and MSG. This showed a trend in the expected direction generally, with slight differences when the group was examined by sex (Table 4) . Because dichotomizing groups this way may cost power (Gelman and Park, 2009) , we also examined this data in the highest and lowest FP quartiles (using the top and bottom 25 %). The results from the data analyzed in this way did not reveal anything different from the median splits, thus we chose to report median splits to be comparable with other recent reports (e.g., Nachtsheim and Schlich 2013).
Discussion
Reliability of Regional Intensity Ratings across Days
There was a significant correlation across the three replications between taste intensity ratings on the four different areas demonstrating a good reliability across test sessions separated by a week or more, using the gLMS to rate intensity. Sweetness intensity was the most strongly correlated across repeated sessions.
Taste Perception Varies from Front to Back in a Stimulus-Dependent Manner
Sweet, sour, and salty tastes were equally intense across all four tested regions of the tongue, while bitter and umami intensity ratings were significantly higher at the back. Few previous reports list individual ratings in different tongue regions. Green and George (2004) previously examined taste perception in thermal tasters and nontasters (groups of people who perceive a taste when the tongue is rapidly rewarmed after being cooled-see Cruz and Green (2000) ). A range of taste stimuli was tested for differences between the front tongue and back tongue. Although a significant effect of spatial area by taster group was not observed, they did report that 'TTs showed a slight tendency to rate the weak taste of MSG as higher on the back tongue than did TnTS.' However, in that report, ratings for quinine, PROP, and MSG all appear to be perceived as more intense at the back of the tongue than at the front for both TTs and TnTs. The present study has a much larger number of participants (n=42 versus n=100+), as well as having three replicates of each taste sensation at each spatial area. From the present data, which did not measure thermal taster status, individuals perceive bitter and umami more strongly on the back than on the front of the tongue. Further, Green and George (2004) did not ask 'umami' specifically for MSG, as they felt that it would difficult for North American subjects to understand the concept of umami. Here, we specifically asked umami, and we explained to the participants prior to tasting that umami described was a 'savory' or 'meaty' taste. We also noted a significant difference between front and back of the tongue for the perceived saltiness from the MSG and IMP mixture, even though there was no difference between front and back from perceived saltiness from NaCl. Whether this is due to 'dumping' of umami into salt for those who may not have recognized the taste of umami from MSG, even with training, is not presently clear. Work in Asian populations familiar with umami suggests that the recognition at least is better at the back (Yamaguchi and Ninomiya 1999) , which is likely due to a greater perception at the back. Since MSG elicits both salty and savory tastes, it is possible that the participants were experiencing an increased perception of salt. Five different scales were provided, which should minimize dumping, nonetheless it cannot be ruled out. Further work is necessary to clarify this. Regarding bitter taste perception, Collings (1974) also reported that the slope of the graph for the area stimulated and the intensity of the bitterness is significantly steeper at the back of the tongue than the front. In other words, increasing concentrations of bitter compounds cause a greater increase in bitterness perception at the back than at the front of the tongue. The front and back regions of the tongue are innervated by different cranial nerves (the anterior tongue is innervated by cranial nerve VII, while the posterior third (approximately) is innervated by cranial nerve IX, the glossopharyngeal nerve). Thus, it is possible that the difference in taste perception could be due to differential innervation; however, this would not explain why some (bitter and umami) but not all of the prototypical tastes are differentially perceived. Although one possibility is that here we used a high concentration of sucrose (2.0 M), which could simply have saturated the sweet receptors, Green and George (2004) used a much lower (0.18 M) sucrose concentration, and also observed no difference between front and back of the tongue ratings. Yamaguchi and Ninomiya (1999) reported a somewhat similar finding for the perception of umami for MSG, IMP, and a mixture of both, whereby subjects were asked to rate their perception of each taste in different regions as none or uncertain, likely, fairly, or absolutely. All three of these umami stimuli were perceived with the most certainty on the circumvallate papillae. In Rhesus monkeys and in mice, umami responses are greater in the glossopharyngeal nerve (Ninomiya et al. 2000) (which innervates the posterior third of the tongue, where the CV papillae are located) than in the chorda tympani nerve (CN VII), which innervates the anterior two-thirds of the tongue, since the glossopharyngeal nerve has more MSG-sensitive fibers (Ninomiya et al. 2000) . It is possible that some sort of common mechanism involved in bitter and umami signaling transduction is also greater on the posterior tongue, since it appears that multiple receptors may exist for umami (Chaudhari et al. 2009; Damak et al. 2003) . Although speculative, it seems possible that a subset of these receptors may be more concentrated on the posterior tongue.
Other evidence suggests that the normally-functioning chorda tympani nerve may also inhibit nerve signaling within the oral cavity through central signaling inhibition (Bartoshuk et al. 2012) , and that when this nerve is damaged (or when damage is simulated via anesthesia), sensations such burn from capsaicin and pain can be heightened (Lehman et al. 1995) . Interestingly, work by Green and Schullery (2003) examined bitterness elicited by capsaicin and menthol in four regions of the tongue, and found that bitterness from both compounds was stronger at the back than at the front of the tongue. The burning sensation from capsaicin, on the other hand, was higher at the front of the tongue, while cooling from menthol was perceived more strongly at the back. It has been suggested that tongue regions innervated by the glossopharyngeal nerve might contain a greater number of receptor-gated ion channels such as those found in trigeminal ganglion cells (Green and Schullery 2003) , which could possibly explain the difference observed here in umami perception, which is thought to have multiple receptors. However, this seems unlikely to explain the difference in bitter perception observed in this study, unless there are also multiple modes of bitterness transduction.
A greater perception of bitter and umami tastes at the back of the tongue is hard to explain from an evolutionary perspective. Bitterness is believed to signal potential toxins, and thus a stronger perception at the back of the mouth could be nature's way of providing a final effort to identify poisonous substances before ingestion. Bitter taste is well-documented as an aversive taste which leads to ingestion avoidance, as demonstrated by the innate rejection response of bitterness in infants, and by the large number of bitter taste receptor genes which have arisen through multiple gene duplication events to allow us to detect a wide range of potentially toxic substances at a very low levels (Meyerhof et al. 2010) . In contrast, umami is not as well-documented as being aversive. Steiner (1987) reported that MSG alone is not preferred over water by infants, as judged by facial expression, although MSG did appear to be appetitive when added to soups. Beauchamp and colleagues (1979 unpublished work, cited in Beauchamp 2009 ) noted that solutions of both MSG and casein hydrolysate (both of which elicit umami sensations) were rejected by infants relative to water. Some have suggested that umami is indicative of protein sources (Temussi 2009) , although again studies in children have been mixed with protein malnourished children preferring soup with added casein hydrolysate over regular soup, but not preferring soup with added MSG (Beauchamp 2009 ). Thus, it is still unclear whether umami taste does indicate protein sources. It may also signal fermentation (Breslin 2013 ) since the quality is stronger in aged meats compared to fresh meats and could be a cue to food that is no longer fresh. Why the prototypical tastes bitter and umami would be more protected from loss of signaling via nerve damage compared to sweet, sour, and salty are unclear.
FP Across Age and Gender
We found a small but significant gender difference in the number of FP, with women having significantly more FP than men, on average, 7 more per square centimeter. We did not observe a difference in FP across age. Although the age of the participants here was relatively narrow, this finding is in agreement with a recent assessment of FP number in children and adults (Correa et al. 2013 ). Correa and colleagues observed that FP number on the anterior tongue, as well as the size and distribution, stabilizes by approximately of age 11-12 years, although a gender difference in FP number was not observed in that study. Gender differences have generally been reported in adults rather than children (e.g., Duffy et al. 2004; Prutkin et al. 2000) . In the study by Correa and colleagues, 21 of the 30 adults tested were female, which may have accounted for this, since many of the children tested were younger than 12, so their FP would not be expected to have stabilized yet. Notably, none of these studies attempt to control for tongue size, oral cavity volume, or body size. Accordingly, such sex differences may be artifacts due to body size; future work should explore this possibility.
FP and Taste Intensity were not correlated
The finding that PROP bitterness was not correlated with FP density here was surprising initially, since it is often reported that the number of FP associates with perceived taste intensity (e.g., Bajec and Pickering 2008; Correa et al. 2013; Zuniga et al. 1993) , although not all studies have shown this correlation (Fischer et al. 2013; Garneau et al. 2014) . In 83 individuals, Duffy et al. (2004) reported FP number was correlated with intensity of 6-n-propylthiouracil but not with wholemouth citric acid or NaCl intensity. Duffy's group also measured chorda tympani nerve (CTN) function via a ratio of average taste intensity of all tastes applied directly to areas of the tongue to the whole-mouth taste intensity of the same taste qualities. No correlation was observed between CTN function and FP number. Other groups have observed an association with FP and taste intensity, for some taste sensations, but the results are often mixed. In a small pilot study of 16 individuals (12 men), Miller and Reedy (1990a, b) reported sucrose, salt, and PROP intensity were all higher in those with a greater number of FP, but no relationship was observed with the intensity of quinine or citric acid. In agreement with that citric acid finding, Zuniga et al. (1993) found no correlation with whole mouth citric acid intensity and FP in 84 subjects, although spatially-matched detection threshold was correlated with FP. Tepper and Nurse (1997) counted FP in relation to PROP bitterness and observed that the number of FP differed significantly between PROP taster groups, although a direct correlation was not reported in that publication. Later, Prutkin et al. (2000) observed a correlation between FP density and taste intensity in women (n=71), but not in men (n=51). Delwiche et al. (2001) , in 16 individuals, counted the FP in five circles of increasing area, and found that the number of FP correlated to the PROP intensity in three of these areas, but no relationship was observed for two, the largest and the smallest areas. They noted that the association between FP and taste intensity was 'highly variable' and only observed in those sensitive to PROP (i.e., tasters), while the number of FP did not appear to be associated with quinine intensity.
More recently, larger studies of FP and taste intensity have been carried out. Hayes et al. (2008) examined FP and PROP bitterness in a cohort of 198 individuals, reporting a small but significant semipartial correlation (sr = 0.17, p = 0.027) between FP and the intensity of 3.2 mM PROP. Notably, when examined in the different TAS2R38 genotype groups, the correlation remained significant only for homozygotes, but not heterozygotes. A later study by Duffy et al. (2010) in 59 adults reported an r value of 0.27, p<0.05 between FP and PROP bitterness. Nachtsheim and Schlich (2013) report a similar correlation of 0.2 between bitterness of 3.2 mM PROP and number of FP, in 116 subjects, although they found no difference in FP between the three different PROP taster groups. The largest study to date is the Beaver Dam Offspring Study, where taste intensity perception and FP density were measured in over 2,000 individuals, male and female, across all age ranges (Fischer et al. 2013) . In that study, no association was observed between FP number and the intensity of sweetness of sucrose, bitterness of PROP and of quinine, or the sourness from citric acid. Unusually, a small, inverse relation was noted between salt intensity and FP number, with those who had fewer FP perceiving it as more intense. R e c e n t l y , e m e r g i n g d a t a f r o m a n o t h e r epidemiologically-sized study at the Denver Museum of Nature and Science, using similar methodology to that used in the present report and to that used in the Beaver Dam Offspring Study, also failed to find an association between FP number and PROP intensity perception (Garneau et al. 2014) .
In summary, a substantial number of reports (albeit in smaller cohorts than the sample examined here) suggest that FP and taste intensity are linked. However, a variety of methods were used, and some of those studies used areas of the tongue that were later shown not to give the best estimate of overall papillae (Correa et al. 2013; Shahbake et al. 2005) . More recently, independent data from larger cohorts agree with the work presented here. We added to this body of work by investigating taste intensity for a range of other prototypical taste stimuli for both whole-mouth taste intensity and regional intensity. We did not find evidence for a strong association between FP number and taste intensity, suggesting that FP density may have limited utility as a marker of taste intensity perception in large samples.
One limitation of the present study that must be noted is that the participants in our cohort were not screened for otitis media (Bartoshuk et al. 1996; Peracchio et al. 2012) , which can damage the chorda tympani nerve and decouple taste phenotype from the measures of oral anatomy; nor did we have information on medication or alcohol intake. It is possible that the previously reported FP-intensity relationships may be stronger when examining only those without a history of ear infections. However, we believe that it is unlikely that the lower ratings on the front of the tongue are due to a lower perception from chorda tympani damage, as the differences observed are limited to only two of the taste qualities examined here.
Summary and Conclusions
The intensities of the different tastes were all highly correlated, and taste perception was stable across different test days, with sweet ratings being the most consistent. Whole mouth taste intensity perception was correlated with regional intensity perception of the same stimulus. Bitter and umami tastes were more strongly perceived on the circumvallate regions than on the fungiform regions of the tongue, while sweet, sour, and salty were perceived at similar intensities in both regions. The reason for this is unclear, and further work is needed to verify this finding and to determine the underlying cause of these differences. The present study failed to confirm the association between the FP number and the intensity of the whole mouth taste sensations reported previously in smaller studies. Nor did this appear to be a function of the region stimulated, as the intensity of taste solutions delivered to small regions of the tongue using a cotton-tipped swab did not associate with FP number. Considering the large variation in taste pore density within the FP, it is not surprising that FP is not strongly correlated with taste intensity. Previously reported associations between taste intensity and FP number may have overestimated the relation between FP number and taste intensity, due to the use of small sample sizes, the use of different areas of the tongue, and differing methods to visualize FP.
